Abstract-Using commercially-available monolayer graphene, synthesized by means of chemical vapor deposition, microwave power sensing elements have been nanofabricated and integrated with microwave-grade test structures suitable for on-wafer probing. The graphene, situated on a thermal oxide, was first cleaned of stray contaminants in a forming gas environment briefly held at 250 degrees Celsius using a rapid thermal annealer. Immediately following this step, the graphene was passivated with a protective aluminum (Al) oxide layer (approximately 5 nm in thickness). Micrometer-scale Corbino disc test structures were then fabricated in direct contact with the graphene using a self-aligned process, which relies on the fact that tetramethylammonium hydroxide develops the photoresist while removing the Al-oxide. Graphene nanoribbons (with widths as small as 400 nm) were then fabricated across the Corbino disc gaps using electron-beam writing in conjunction with a negative tone resist. The same developer exposed the majority of the graphene while defining nanometer-scale lines of photoresist stacked upon the Al-oxide layer. These stacks served as etch-stops while the unprotected remnants of Al-oxide and graphene were etched in a CF 4 /O 2 plasma. Finally, the photoresist was removed leaving behind passivated graphene nanoribbons. Damage caused by the fabrication was evaluated by comparing the Raman spectra of the graphene before and after microfabrication. Current-versusvoltage traces of the nanodevices exhibited the characteristic conductance minima corresponding to the charge-neutrality point of graphene. Radio frequency power detection experiments at this DC biasing point revealed a detection sensitivity of 0.14 mV/mW.
I. INTRODUCTION
The next generation deep space networks will demand significant improvements in radio frequency (RF) receiver performance. The desire to increase the transmission bandwidth of future deep space explorers while decreasing antenna size creates an opportunity to explore new approaches for realizing ultra-sensitive detectors. The use of graphene in RF detection and mixing applications has received considerable interest due to the unique rectifying characteristics [1] that result from Dirac-cone bandstructure. Additionally, the nanopatterning of graphene into narrow ribbons allows for the opening of an artificial bandgap, which can be engineered by controlling width and crystallographic orientation [2] .
In this paper, we report on a reliable process for fabricating RF detectors based on graphene nanoribbons (GNRs) that are integrated with Corbino-disc-style microstructures engineered for high-frequency on-wafer probing. The concentric geometry of the probing pad structure is convenient for conducting studies in which both GNR width and crystallographic orientation are varied. Conventional microfabrication techniques were used to produce 100 test structures per 1 cm x 1 cm die with greater than 95% yield. Electron-beam lithography was subsequently used to fabricate GNRs with widths as small as 400 nm. These RF sensing elements were characterized with DC current-versus-voltage measurements to determine the gatevoltage value needed to operate near the conduction minimum associated with the charge-neutrality point of graphene [3] . RF detection experiments with test signals whose frequencies ranged from 10 MHz to 20 GHz were performed using the GNR devices.
II. MICROFABRICATION OF CORBINO DISCS
Work has been done in order to improve upon previously reported microfabrication methods [4] . Fig. 2 outlines the Corbino disc test structure fabrication process. The process starts by first cleaning commercially available, CVD-grown monolayer graphene on silicon dioxide/silicon (SiO 2 /Si), from Graphenea [5] , with rapid thermal annealing (RTA) in a forming gas (nitrogen with 4.5% hydrogen) atmosphere at 250 • C for 12 minutes. The RTA helps to reduce impurities absorbed by the graphene surface [5] . Then, a 5 nm sacrificial layer of aluminum (Al) was deposited over the entire substrate and allowed to form a native oxide passivation layer. This complete metallic covering was used to protect the graphene during photolithographic processing. The passivation layer deposition is necessary in order to prevent delamination of the graphene layer during device processing and prevent exposure to ambient contaminants.
A protective layer of positive photoresist, AZ R 4210 by Microchemicals GmbH, was spun over the top of the sample at 500 rpm for 3 seconds followed by 3000 rpm for 42 seconds and hard baked for 30 minutes at 95 • C. The sample was then immersed in a buffered oxide etchant (BOE) for 6 minutes to remove the back layer of SiO 2 , to allow for electrical contact to the back gate. Remaining photoresist was removed with acetone, and the Al-oxide passivation layer remained on top of the graphene -preventing degradation of its surface when exposed to potential contaminants.
Adhesion promoter was spun on the sample at 500 rpm for 3 seconds followed by 3000 rpm for 42 seconds and baked on a hotplate at 180 • C for 8 minutes. Image-reversal photoresist, AZ R nLOF 2020 diluted with AZ R Edge Bead Remover (EBR) solvent in a 1:1 ratio [6] , [7] , was spun on the sample at 500 rpm for 3 seconds followed by 3500 rpm for 42 seconds. The diluted resist spun to a thickness of 400 nm. The edge bead was removed by swabbing the corners of the sample with AZ R EBR, and the samples were soft baked at 110 • C for 15 s. The samples were subsequently exposed at an intensity of approximately 15 mW/cm 2 for 1.5 seconds with a subsequent post exposure bake on a hotplate at 110 • C for 3 minutes. The samples were developed in AZ R 300 MIF for 15 seconds. The tetramenthylammonium hydroxide contained in this developer not only contributed to patterning the photoresist but also selectively etched away the Al-oxide layer [8] , [9] . A 5 nm layer of chromium (Cr) and 50 nm layer of gold (Au) were deposited via ebeam evaporation for electrical contact. Lift-off was performed with MicroChem Remover PG (whose active ingredient is Nmethyl-2-pyrrolidone) at 70 • C for approximately 2 hours to finalize the Corbino structure. It is critical to use a stripper Al oxide Au Cr that does not attack Al during the lift-off process. The Aloxide passivation must remain to protect the graphene layer for subsequent nano-processing. Initial implementations of this microfabrication process resulted in a device yield of 95% (95 out of 100 devices were intact) with the majority of device loss being attributed to graphene scratches from substrate handling. The Raman spectra were collected before and after processing the sample. The spectrum before microfabrication is of the graphene passivated with Al-oxide. Characteristic G and G' peaks are present. Because the Al interferes with the graphene spectrum, a monlayer signature is not obtained at this point in the process. However, the spectrum collected after microfabrication, with passivation removed, showed that the monolayer graphene remained intact, Fig. 3 , [10] . Some defects were created on the graphene during the device processing as shown by the D band disordered carbon peak (∼1350 cm −1 ) of the Raman spectrum [11] .
III. GRAPHENE NANORIBBON FABRICATION
Nanometer-scale lines were etched into the graphene between the mircofabricated Corbino disc structures. The same diluted image reversal photoresist used for microfabrication was spun over the Corbino disc structures following the application and soft-baking of AZ R Electronics Grade Adhesion Promoter. Electron beam writing was accomplished using a Passivated Graphene Fabricated Device Fig. 3 . Raman spectra of the passivated sample before device processing and spectrum of the sample after the microfabrication process.
400 nm wide nanoribbon Hitachi 2460 SEM retrofitted with a fast beam blanker and a Nabity Nanopattern Generation System. The electron beam lithography pattern was aligned to the micro-structures in order to write lines, with widths down to 400 nm, that connected the Corbino disc contacts, Fig. 4 . The samples were exposed to a dose of 13 µC/cm 2 at a beam current of 20.7 pA with a working distance of approximately 11 mm. After electron beam writing the sample was developed in AZ R 300 MIF for 15 seconds. The patterned photoresist served as an etchstop while the unprotected graphene and remnants of Al-oxide were dry-etched in a reactive ion etcher (RIE). The RIE was done for 15 seconds in a gaseous composition of 80% CF 4 and 20% O 2 with a flow rate of 15 sccm [12] . The power was set to 150 W, and the pressure was maintained at 170 mTorr. Finally, the photoresist was removed, with MicroChem Remover PG, leaving behind passivated GNRs. The sensitive to precise timing during the development and etching steps reduced device yield to 83%. Fig. 5 shows a photograph of a completed device.
IV. ELECTRICAL CHARACTERIZATION OF GRAPHENE
DC current versus voltage traces were collected to verify continuity of the nanowire between the contacts of the Corbino disc electrodes. Device drain-source (inner disc-outer disc) current versus gate voltage for varying bias voltages was collected using a Keithley 4200 Semiconductor Characterization System, Fig 6. The data shows that the charge neutrality point occurred near 30 V. The large shift away from the expected value of 0 V is likely due to residual contaminants from material processing.
The GNRs have been used to realize microwave power detectors operating from 10 MHz to 20 GHz. The devices were biased with V G = 30 V as determined from the DC currentvoltage traces. The devices were fed with incident microwave power chopped at 1.5 kHz. A voltage measurement was taken via lock-in detection at the chopping frequency that modulated the microwave power. A schematic of the apparatus is shown in Fig. 7. Fig 8 shows the frequency dependence of power detection sensitivity with incident microwave power set to a constant value of 0 dBm. Fig 9 shows a power sweep from -20 dBm to 15 dBm with the microwave signal frequency set to 2.4 GHz. The detector shows a power sensitivity of 0.14 mV/mW. Previously explored graphene detectors have shown sensitivities of up to 5.43 mV/mW [4] . However, the data presented in this paper does not take into consideration the GNR power detection efficiency. The relatively large impedance of the device is expected to cause significant reflection of power; so, impedance matching would increase the power detection sensitivity. Power detection is due to rectification resulting from the Dirac cone band structure. From inspection of 6 , we see that the I-V characteristic can be expanded into the polynomial form of:
where the second order term gives rise to rectification.
V. CONCLUSIONS
Our simple one mask microfabrication process has a device yield of 95%. However, final steps in the nanofabrication process reduce this high yield. The final development etches the remaining Al-oxide but can also undercut the nano-patterned lines and remove the structures. The ion-milling step may also result in damaged devices. Work must be done to optimize these two final process steps. The developer may be diluted to offer more latitude in the timing before undercutting the oxide and removing structures. The timing and gas composition of the reactive ion etch may also be optimized to better attack the Al-oxide while leaving the photoresist layer intact. 
